Abstract: This paper presents the process and results of a quality management program performed during and immediately after the construction of two deep soil mixing ͑DSM͒ test sections. The quality management program consisted of laboratory, in situ, and mineralogical tests to address the effectiveness of the treatment during and after construction. In situ investigations including the down-hole seismic and spectral analysis of surface waves ͑SASW͒ test methods were performed to evaluate the degree of improvement achieved through the measurement of compression and shear-wave velocities of the columns and surrounding soils. Scanning electron microscopy and electron dispersive x-ray analysis were performed on raw, laboratory treated and field-treated specimens for qualitative understanding of the degree of mixing achieved in the field and the compounds formed at particle level during stabilization, respectively. Laboratory tests results on field cores indicated that both field stiffness and strength are about 20 to 40% less than the corresponding laboratory prepared soil samples. The down-hole seismic and SASW tests showed considerable improvement in stiffness in and around the DSM columns. Mineralogical studies indicated the formation of silica and alumina hydrates along with interwoven structure of limecement treated clay particles in both laboratory and field specimens, suggesting adequate mixing of the soil and binder in both environments.
Introduction and Background
Deep mixing is an important ground improvement technique for stabilizing soft and problematic soils, including expansive and stiff clays ͑Puppala et al. 2005͒ . If the strength is the main consideration in a ground improvement project, as is the case for structures built on loose sandy soils, reclaimed soils, peats, and soft clays, the use of deep cement mixing is normally preferred ͑Rathmayer 1996; Porbaha 1998; Bruce 2001͒. In environmentalrelated construction projects, cement stabilization is often recommended over lime, since lime treatment increases the hydraulic conductivity of treated soils due to flocculation ͑Rathmayer 1996; EuroSoilStab 2002͒.
Several factors including the soil type, binder type and concentration, binder-water ratio, curing conditions, mixing methods followed in the field influence the in situ behavior of deep mixing treated soils ͑Rathmayer 1996; Babasaki et al. 1996͒ . Other factors that influence the behavior of treated soil include shape of mixing blade, penetration, and retrieval speed of mixing auger, rotation speed of auger ͑Shen et al. Al-Tabba et al. 1999͒ .
How the deep soil mixing ͑DSM͒ process impacts the stabilization of soft cohesive soils is well understood ͑Ahnberg et al. 1994 ; Porbaha 1998͒ . Cement, lime, and combination of both are the most frequently used binders in the DSM process. In recent years, newly developed binders including recycled wastes and ashes have been used to stabilize organic or high water content soils ͑EuroSoilStab 2002; Babasaki et al. 1996; Van Impe et al. 2005͒ . Binder selection and concentration determination are dependant on the existing subsurface conditions ͑soil type͒ and the degree of improvement needed ͑Taki and Yang 1991͒. The concentration of the binders is usually expressed in weight per bulk volume of the soil to be treated and is typically equivalent to 6% to 12% by dry weight of the soil ͑Jacobson et al. Bruce 2001͒. Curing temperature, curing period, percent humidity, and curing environment are the major environmental conditions that influence the strength of treated soils ͑Enami and Hibino 1991; Babasaki et al. 1996; Lorenzo and Bergado 2004͒ . The binderwater ratio is another important factor that affects the degree of improvement of the treated soils ͑Bergado and Lorenzo 2005; Pathivada 2005͒. If not properly designed, this method could lead to poor mixing in the field thereby affecting the effectiveness of the DSM treatment. When using a custom-made field mixing equipment, factors such as the shape of mixing blade, rotational speed, and velocity of penetration and retrieval of auger impact the properties of treated soils ͑Shen et al. 2003͒ .
Because of the above mentioned various variables and their influence on the in situ DSM treated soils, stringent quality control ͑QC͒ and quality assurance ͑QA͒ procedures are required to ensure that the construction is performed according to the design requirements. A flowchart showing the typical steps involved in executing a quality management program is depicted in Fig. 1 . Quality control essentially comprises of evaluating the binder quality and quantity, mixing efficiency due to different penetration/withdrawal speeds of the auger and the rate of rotation of mixing blade, and geometry ͑length, diameter, and spacing͒ of columns throughout the construction process. Subsequent QA tests are also necessary to confirm the quality of the DSM columns installed in situ. QA can be carried out through laboratory tests on cores retrieved from the site or performing in situ tests including penetration methods, geophysical methods, loading test methods, and nondestructive methods on installed columns ͑Porbaha 2002͒. QA studies not only help in addressing the mixing process in the field, but also to assess the degree of improvement obtained by comparing the properties of treated and untreated sections ͑Puppala and Porbaha 2004; Puppala et al. 2005͒ .
Porbaha ͑2002͒ explains various in situ procedures adopted worldwide for QA of DSM columns. Puppala and Porbaha ͑2004͒ stressed the need and importance of in situ nondestructive methods for more reliable quality management of DSM projects. However, an international survey conducted by Puppala and Porbaha ͑2004͒ indicated a limited use of nondestructive geophysical testing for that purpose. This paper presents the results from the quality management conducted as part of the implementation of DSM technology for mitigation of swell-shrink behavior of expansive subsoils. Salient details including the laboratory mix design, and the design, construction, field instrumentation and performance monitoring of DSM test sections discussed in this paper can be found in Madhyannapu ͑2007͒. The quality of deep mixing columns installed in situ was assessed through laboratory tests on wet grab samples collected from fresh columns during construction and in situ nondestructive testing immediately after construction.
Laboratory tests including bender elements and unconfined compression tests were conducted on the field samples. In situ tests including downhole seismic and spectral analysis of surface waves ͑SASW͒ tests were conducted as a part of the QA studies.
Additionally, mineralogical studies were also performed on the treated soil specimens to qualitatively understand the degree of mixing of soil and additives both under the laboratory and field conditions. The results of this study, including the assessments of different geophysical methods and field sampling as well as laboratory testing, are summarized in this paper.
Research Objective
Since chemical stabilization is often the preferred method for reducing the movement of expansive soils, the feasibility of the DSM technique for that purpose was investigated. To evaluate the effectiveness of the DSM technique in real field conditions in minimizing the swell-shrink behavior of expansive subsoils, two test sections were constructed on two types of expansive soils and were monitored for a period of two years ͑June 2005 to July 2007͒. The evaluation process included laboratory studies for identifying the most appropriate binder type, concentration, and water-binder ratio for the implementation of the DSM technique in real field conditions. Relevant details about the sites, QA program followed, test procedures, and results obtained are discussed in the following sections.
Design and Deep Soil Mixing Treated Site Details
Two DSM sites were constructed on the median of an interstate highway in Fort Worth, Texas in May 2005. At each site, a 4.5 ϫ 12 m rectangular area was modified with DSM columns. The average plasticity indices ͑PI͒ of the untreated soils were about 30% ͑moderate PI͒ at Site 1 and 50% ͑high PI͒ at Site 2. Ground treatment was performed with a "Single Shaft Auger" system by mixing the in situ soil with both lime ͑3%͒ and cement ͑9%͒ to produce columns of about 3 m in length. Each column had a diameter of 600 mm. The construction of DSM column was performed by feeding the binder at a rate of 0.078 m 3 / min during mixing down.
A total of 44 DSM columns ͑11ϫ 4 grid͒ were installed at Site 1 and 65 DSM columns ͑13ϫ 5 grid͒ were installed at Site 2. The nominal center-to-center spacing between the DSM columns at Sites 1 and 2 were 1 m and 0.9 m, respectively. Tables 1  and 2 summarize the material and geometrical design details and mixing conditions adopted during the construction of DSM columns. 
Quality Assessment Methods

Laboratory Tests on Wet Grab Samples
During the construction of the DSM columns, wet grab sampling method ͓Fig. 2͑a͔͒ was used to sample the soil-binder mix from different depths of selected DSM columns ͓Fig. 2͑b͔͒. The sampled mixes were initially collected into a bowl and then immediately compacted in the field into a standard 75 mm diameter by 150 mm high cylinders for laboratory testing. At Site 1, a few problems were encountered while collecting the wet soil-binder samples. Suction was not sufficient to retain the soil mixtures in the wet grab sampler equipment. Hence, a few specimens were prepared from the spoil mix generated from different depths of the DSM column during in situ mixing process. At Site 2, wet grab sampling was performed without difficulty as a different suction pump was used. Specimens were prepared in situ from both spoil mix and wet grab samples collected in the field. The laboratory protocol described in Bhadriraju et al. ͑2008͒ was followed for specimen preparation in the field ensuring that the unit weights of the treated soil specimens were close to those achieved in the laboratory.
As a part of the specimen preparation, a predetermined weight of soil-binder mixture was first placed into a 75 mm in diameter and 150 mm in height plastic mold in five equal lifts. The mix was subsequently tapped with a 5-mm-rod for about 30 times for each lift. Specimens were also prepared and were subjected to free swell and linear shrinkage tests at the laboratory. The total unit weights of the field and laboratory specimens were fairly close as shown in Fig. 3 .
After 24 h of moist curing, the specimens were carefully stripped from the plastic molds, wrapped in polythene sheets, and then placed in the curing room for the remainder of the targeted curing period. The curing room is maintained at room temperature ͑26°C-28°C͒ and a relative humidity of greater than 95%. After the curing period, the specimens were subjected to bender elements, unconfined compression strength ͑UCS͒, free swell and linear shrinkage tests. The stiffness and strength ratios, G max,field / G max,lab and q ucs,field / q ucs,lab , respectively, determined from the test results on both laboratory mixed and field mixed ͑wet grab͒ samples explain the efficiency of soil mixing process attempted in both laboratory and field environments.
Nondestructive Tests
Two nondestructive in situ test methods were used for the initial quality assessment ͑QA͒ studies immediately following the construction of DSM treated pilot scale test sections in June 2005 prior to the placement of a 450 mm fill material. Tests performed included the downhole P-wave velocity logging and SASW methods. Though the same tests were conducted in the subsequent years of 2006 and 2007, their results are not discussed in this paper since they are not intended for QA evaluations.
Downhole P-wave velocity tests were conducted in the inclinometer casings installed at each site. The tests performed and the codes used to specify the location of each test are summarized in Table 3 . Results from these tests are presented in the next section along with a brief explanation of the field-testing and dataanalysis procedures followed.
Downhole Testing
The downhole compression or P-wave velocity method is a rapid alternative for estimating the variation of seismic wave velocity with depth by requiring only one borehole per test location for each test. The borehole is usually grouted to ensure that the hole remains open and the casing is in firm contact with the surrounding soil. The test consists of lowering a geophone to a specified depth in the borehole and clamping it to the casing. The impact source is placed at the ground surface with a horizontal offset of about 250 mm from the collar of the borehole. The source used in this research was a sledge hammer, which was used to strike a metal plate placed near the borehole surface. The travel time from the source impact to the arrival at the geophone was recorded.
The geophone was then moved to a next depth and the same process was repeated. In this research, readings were taken at a depth interval of 300 mm inside the borehole. A sampling frequency of 20 kHz was adopted for all measurements, which was equivalent to a sampling interval of about 20 sec for each single record. Interval velocity between two consecutive depths was used to assess the quality of the DSM columns with depth. The downhole seismic equipment used for the initial tests consists of a Geometrics Seismograph, Model SmartSeis S-24 and a Geostuff BHG-2 borehole geophone.
Spectral Analysis of Surface Wave Testing
SASW method is based on the dispersive characteristic of seismic surface waves of Rayleigh type traveling in a vertically heterogeneous medium ͑Nazarian et al. 1994͒. The source required can be a transient vertical impact or a steady-state vibration type. Each source generates a set of surface waves of various frequencies which will travel through the treated soil medium. At least two receivers are required to be placed on the ground surface to monitor the propagation of surface wave energy ͑Nazarian and Stokoe 1986͒. The impact source used was a sledge-hammer or a drop weight depending on the receiver spacing. The recording device was a Tektronix 2630 Fourier Analyzer interfaced with a computer. In the computer, a software package implements the standard signal analysis such as averaged transfer functions and coherence function. Two 4.5-Hz geophones were used as receivers. The receiver spacing of 0.6, 1.2, 2.4, 4.8, and 9.6 m were used at each test location. For these lateral spacing between the geophones, the soil profiles down to a depth of around 6 m can be sampled.
To eliminate the effects of horizontal variations in the soil ͑including DSM columns and surrounding materials͒, data from both forward and reverse directions were collected along each test line. That is, the experiment was once carried out by impacting the ground on one side of the two receivers, and then impacting from the other side without moving the receivers.
The shear-wave velocity profile obtained from a SASW test is an average or composite value representing that of DSM columns and the surrounding soil in the treated area within the detectable depth range and over a horizontal distance up to the longest receiver spacing used.
Mineralogical Studies on Laboratory and Field Samples
Mineralogical studies, including scanning electron microscopy ͑SEM͒ and electron dispersive x-ray analysis ͑EDS or EDAX͒, were also conducted on both laboratory and field mixed soilbinder samples. SEM analysis provided qualitative understanding of the degree of mixing achieved in the field as compared to that of the controlled laboratory environment. EDAX helps in determining the elements/compounds formed at particle level and thereby the results can be used to summarize the possible formation of cementitious and pozzalonic compounds.
For this test, the treated soil specimens were collected from the UCS tested specimens. These samples were then cleaned of any dust and mounted on pin type stubs with 12-mm diameter surface using a sticky tape. After the samples were subjected to carbon coating, they were transferred to the SEM equipment for imaging. The carbon coated samples were exposed to X-rays to obtain high resolution and magnified images. EDAX analyses were attempted on the same samples.
Results and Discussion
Laboratory Tests on Wet Grab Samples
The stiffness and strength parameters obtained from laboratory testing on field mixed specimens at different curing periods are presented in Table 4 . These results are compared with the laboratory mixed specimens prepared using lime-cement binder at a dosage of 200 kg/ m 3 . The reasonably consistent results of stiffness ͑108-114 MPa͒ and strength ͑1140-1176 kPa͒ with depth ͑0.6-2.4 m͒ of field mixed specimens from Site 2 ͑Table 4͒ indicate near uniform mixing of soil and lime-cement binder under the field conditions.
The small strain shear modulus, G max is defined as "the shear modulus, G, corresponding to shear strains, ␥, Ͻ10 −5 ." In present study, G max for both moderate ͑Site 1͒ and high PI ͑Site 2͒ laboratory mixed soils were 62-198 MPa and 66-230 MPa, respectively ͑Madhyannapu 2007͒. These stiffness values correspond to water-binder ͑w/b͒ ratio of 1.0 and lime-cement binder dosage rates of 100-200 kg/ m 3 with their individual proportions varying from 100:0 to 0:100. In comparison, both stiffness and strength values of the control or untreated soils from both sites varied from 35-67 MPa and 105-300 kPa, respectively ͑Table 4͒. Based on the above results, the following observations are made:
• The improvement in stiffness, i.e., the ratio of G max of laboratory mixed soils to the control soils was approximately 2.0-6.5 times for Site 1 and 2.0-7.5 times for Site 2.
• The improvement in the UCS, i.e., the ratio of q u of the laboratory mixed soils to control soils was much higher and in the range of 4.5-11 and 3.5-11 times for Sites 1 and 2, respectively.
• Among the treated soils, the ratio of G max,field and G max,lab for The aforementioned stiffness and strength ratios with respect to field and laboratory mixing methods are in the range of those reported by Terashi ͑2003͒ on Japanese alluvial clays and higher than those on soft Ariake clay ͑Miura et al. 1987͒. However, it should be noted that wet grab sampling method may tend to over strength ratios compared to core sampling method due to the differences in curing conditions in laboratory and field environments, sampling procedures, and mixing equipment. Further, the variations in the results of laboratory and field mixed specimens can be attributed to the differences in mixing methods, energy used in mixing, and the volume of soil treated in laboratory and field environments.
The high enhancements in strength and stiffness properties of treated laboratory mixed soils as compared to control soils for Site 1 and Site 2 is attributed to the presence of high amounts of fines of 91% and 74%, respectively. Such high fines in soils, in particular clay fraction contribute to the formation of silica and alumina based hydrates during the chemical stabilization. Quality assessments ͑QA͒ based on laboratory tests also showed that the field treatment often tends to provide a lower enhancement in the stiffness and strength properties when compared to those obtained in a controlled laboratory environment.
Laboratory measurements of the free swell movements and the linear shrinkage strains of the field mixed treated specimens were less than 0.2%, indicating that the binder type ͑lime+ cement͒ and dosage ͑200 kg/ m 3 ͒ recommended for field studies were successful in mitigating the swell and shrink behaviors of the moderate and highly expansive subsoils considered in this study.
Nondestructive Test Data
Data from downhole and SASW tests on both treated and untreated areas provided a quantitative assessment of the degree of improvement achieved through the DSM treatment in terms of stiffness through the P-wave velocity ͑downhole͒ and the shearwave velocity ͑SASW͒ measurements.
Downhole Testing
A typical composite seismic record from tests performed inside a DSM column ͑S1-100͒ is depicted in Fig. 4 . A line connecting the first arrivals of P-waves in each record is shown in the figure. The P-wave velocity is simply the slope of the line. The average P-wave velocities from downhole tests at both sites are summarized in Table 6 . The average P-wave velocities at Site 1 and Site 2 treated areas are 1158 and 1097 m/s, respectively. The average velocities of the same at the untreated sites are 514 and 782 m/s for Site 1 and Site 2, respectively, which are significantly lower than the averages in the treated areas.
SASW Testing
Dispersion curves ͑variations in velocity with wavelength͒ obtained from all spacing were combined to form a single representative dispersion curve as shown in Fig. 5 . The shear-wave velocity profiles with depth for all tested locations at Sites 1 and 2 were derived by processing the dispersion curves using an inversion algorithm proposed by Yuan and Nazarian ͑1993͒. The shear-wave velocity profiles obtained over the depth of treatment are depicted in Fig. 6 . Average shear-wave velocities ͑down to about 10 ft͒ determined from the SASW tests in treated areas at both two sites a month after their construction were about 225 m/s for Site 1 and about 228 m/s for Site 2. These values are less than the average velocities of 300 m/s for Site 1 and 320 m/s for Site 2 obtained from the laboratory mixed specimens ͑Madhyannapu, 2007͒ that were prepared with the same parameters used in deep mixing construction ͑i.e., dosage rate of 200 kg/ m 3 ; 25% lime and 75% cement; and w/b of 1.0͒. The above variations in shear-wave velocities are expected since SASW tests the composite section of subsurface containing both DSM columns and untreated soil around those columns. Other factors that contribute to these differences include magnitudes of treated soil tested in laboratory and field environments, and DSM construction procedures in field. The average shear-wave velocities of untreated areas were about 183 and 152 m/s for Sites 1 and 2, respectively ͑Fig. 6͒.
Mineralogical Studies
The scanning electron micrographs ͑SEMs͒ of untreated soils from both the test sites are depicted in Fig. 7 . It appears that both soils show mixed fabric with certain amount of mineral aggregation. Fig. 8 presents two typical SEMs of cement-lime treated clays in laboratory environment from both sites. The formation of the cementitious compounds including calcium hydroxide and long needle type ettringite particles around the clay particles are apparent. It can also be observed that these compounds formed an interwoven fabric type structure around the clay particles ͓Fig. 8͑a͔͒. These observations indicate that a good mixing between soil and lime-cement additives might have resulted, showing the formation of a dense treated soil mixture with voids being filled with fibrous pozzalonic material ͓Fig. 8͑b͔͒. Similar structures are noted in the case of SEM images of other chemically treated specimens from both locations. Both chemical reactions around clays and intrusion of pozzalonic compounds in treated soils appear to be strongly influenced by the rotational type mixing process used to mix the soils and binders in the presence of high moisture content ͓see Fig. 8͑b͔͒ . Also, several brayed edges can be found in the treated soil structure, which can be interpreted as a dissolution process that results in the possible dissolution of reactive alumina and silica which participate in the formation of cementitious compounds ͓see Fig. 8͑b͔͒ . Overall, the presence of cementing compounds along with fine and cement treated clay structure in the form of needle like fibers are known to enhance the soil properties. Fig. 9 shows typical EDAX test results with chemical elements identified. The chemical elements including calcium, silica and aluminum and their presence strongly support the formation of cementitious compounds such as calcium silicate hydrate and calcium aluminate hydrates in the treated material. The dominating peaks in the EDAX point to a considerable amount of calcium in the treated area, which might have come from both cement and lime binders. Other peaks suggest the presence of silica and aluminum in the treated areas. Calcite formation can be low in magnitudes as the carbon peaks are low in Fig. 9 . Overall, both SEM and EDAX studies confirm that the rotational type mixing procedure followed in laboratory environment ͑Bhadriraju et al. 2008͒ resulted in obtaining well-mixed soil-binder samples. Fig. 10 present two SEM photographs on field treated specimens coated with carbon. Comparing the SEMs of laboratory and field mixed specimens at similar magnifications reveals similar structured fabric, and additionally, the formation cementitious fibrous structures can be seen around the clay particles. These observations based SEMs reconfirm that the rotational type mixing procedure adopted in laboratory and auger mixing in field environments resulted in similar type of chemical treatment at particle level and thorough mixing of soil-binder matrix.
Correlation Model for QA Studies
An empirical correlation was developed between the UCS ͑q u ͒ versus shear-wave velocity ͑V s ͒ from the laboratory tests conducted on the lime-cement treated expansive soils. The main intent of this correlation was to interpret the strength properties from shear velocity values and vice versa. Such interpretation will be useful for efficient quality assessment in the field. Fig. 11 depicts the variations in q u with ͑V s ͒ for all binder dosages ͑100-200 kg/ m 3 ͒ and lime-cement proportions ͑100:0-0:100͒. The results presented in Fig. 11 can be found in Madhyannapu ͑2007͒. The value of q u increases nonlinearly with increase in ͑V s ͒. The variations of q u versus ͑V s ͒ presented in this paper were similar to those reported by Hird and Chan ͑2005͒ and Mattson et al. ͑2005͒ on cement and lime-cement stabilized soft clays; and yielded an empirical correlation similar to the one presented by these writers. The correlation between q u and ͑V s ͒ is in the following form:
The parameters A and B are constants depending on the soil type and binder type. Parameters A and B varied from 0.029-0.615 and 1.367-2.146, respectively, for the moderate ͑Site 1͒ to highly ͑Site 2͒ expansive soils treated with binder ͑lime+ cement͒ containing more than 75% of cement. A and B varied from 0.0048-0.0086 and 2.055-2.1459, respectively, for soils treated with binder containing more than 75% of lime. The correlations developed are useful in quality assessments based on the results obtained from in situ tests such as downhole testing. This is attempted by estimating the strengths of field mixed specimens ͑i.e., wet grab specimens͒ using shear-wave velocity ͑V s ͒ interpretations obtained on these specimens from bender element tests. The predicted strengths ͑q u,pred ͒ of these specimens using Eq. ͑1͒ are close to the measured strengths ͑q u,field ͒ from the UCS tests as depicted in Fig. 12 . As such, Eq. ͑1͒ yielded fair estimates of the unconfined compression strengths of the in situ soil-binder mixture. The developed correlation is useful and is currently recommended for the soil type for which it is developed. Further research on other soil types is needed to develop a generalized equation for wider applications. 
Summary and Conclusions
Quality control and quality assessment studies were conducted as a part of the research investigations involving the evaluation of effectiveness of DSM technology in mitigating swell-shrink behavior of expansive subsoils of moderate to deep active depths. Quality assessments based on laboratory tests addressed the determination of unconfined compression strength and small strain shear modulus, G max , properties of field mixed specimens and then comparing them with those measured from the laboratory mixed specimens. The stiffness and strength values with respect to the depth indicate a uniform mixing of soil and stabilizer was achieved in the field conditions. The improvements in stiffness of field treated soil specimens as compared to control specimens were 2 to 3 times for Sites 1 and 2 soils, whereas the improvements of the laboratory specimens for the same binder type, content and w/b ratio were 3 to 5 times of the same control specimens.
Comparisons between field and laboratory test results indicate that the stiffness ratio G max,field / G max,lab for Site 1 and Site 2 specimens varied between "0.43-0.67" and "0.56-0.65," respectively. The strength ratios ͑q ucs,field / q ucs,lab ͒ for Site 1 and Site 2 are higher and they varied from 0.67-0.70 and 0.83-0.86, respectively. Both stiffness and strength ratios indicate that field stiffness and strength values are only 30% to 60% and 20 to 30% lower when compared to the corresponding laboratory treatments. Variations in laboratory and field treatments were attributed to differences in mixing energies, scale of treatment and environmental conditions. Downhole and SASW tests performed shortly after the construction of the DSM test sections showed the degree of improvements in the field subsoils via the measurements of P-wave and shear-wave velocities. The average P-wave velocities recorded from downhole tests in and around DSM columns for Site 1 and Site 2 were 1.4 to 2.3 times to those recorded in untreated areas. The shear-wave velocities recorded from SASW tests provide global improvement of DSM treated composite test sections and were noticed to be 1.3 and 1.5 times of those recorded in untreated sections. Overall, results from laboratory and in situ investigations indicated an adequate in situ mixing of soil and binder was achieved, which resulted in the improvement of strength and stiffness properties of DSM test sections.
Mineralogical studies of both laboratory and field treated specimens revealed the formation of cementitious compounds through the dissolution of silica and alumina as demonstrated by the brayed edges noticed in SEM pictures. This lead to the formation of interwoven and fibrous structures of lime-cement treated clay particles. Comparison of SEM pictures on laboratory and field mixed specimens at similar magnifications reveals the identical structured fabric, reconfirming that good mixing between soil and binder was achieved in both laboratory and field environments. Also, laboratory and field mixing of soil and binder resulted in similar type of chemical treatments.
The empirical correlation developed between q u and V s provides a way to quality evaluation of strengths in future using V s from non destructive tests. However, the application of the empirical relation as shown in Eq. ͑1͒ requires more test values in other cases.
Overall, the QC and quality assessment studies presented in this paper indicated that the construction of DSM columns in expansive subsoils met the targeted field property requirements as achieved by the DSM process. Immediate enhancements in strength and stiffness properties and swell-shrink test results also revealed the effectiveness of DSM treatments in improving the engineering behavior of expansive subsoils.
